To investigate the associations of birth weight, body mass index (BMI) during childhood and youth, and current BMI with adult lung function. DESIGN: Population-based longitudinal study of juvenile obese and non-obese men, who were identified at draft board examination (age range: 19-27 y) and who participated in a follow-up examination in 1981-1983 (age range: 25-48 y). Birth weight, childhood weight and height measurements from 7 to 13 y of age were obtained from school health records. Current BMI and lung function were assessed at follow-up. SETTING: Copenhagen and adjacent regions, Denmark. SUBJECTS: In total, 193 juvenile obese men at draft board examination and 205 randomly selected nonobese controls from the same population. MAIN OUTCOME MEASURES: Lung function measured by forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC), adjusted for age and height. RESULTS: After adjusting for current BMI, smoking and education, birth weight was positively related to FEV 1 , although only with borderline statistical significance. BMI at age 7 y was positively associated with both FEV 1 and FVC, whereas BMI at later ages in childhood and in youth was not associated with these measures. There was a strong negative linear relation between current BMI and lung function among those currently overweight and obese (BMI 25 kg/m 2 ), whereas no association was seen in the non-obese (BMI o25 kg/m 2 ). CONCLUSION: Our findings confirm the detrimental effect of high current BMI on adult lung function, and further suggest that early childhood growth has a protective influence.
Introduction
Historical cohorts from England 1 and India 2 have shown that forced expiratory volume in 1 s (FEV 1 ) in adulthood fell with decreasing birth weight, independently of current smoking habits and social class. Moreover, a recent study by Edwards et al 3 showed a positive linear association between birth weight and adult lung function independently of maternal factors, such as mother's height and weight, and parity. These findings are compatible with the 'fetal origins of adult disease' hypothesis, which suggests that poor growth in utero could lead to an impaired growth of the airways, and subsequently to a reduced airway calibre in adult life. 1 Not all evidence, however, concur with the association between birth weight and adult respiratory function. 4, 5 Lung function seems also to be influenced by current body mass index (BMI) and its changes in later life. A few studies have reported that pulmonary function increased with increasing BMI within lower BMI values and then decreased with further increases. 6, 7 Moreover, weight gain has been associated with the longitudinal decline of both FEV 1 and forced vital capacity (FVC) in general population samples. 8, 9 Some studies have explored the relationship between BMI and lung function in childhood; 10 however, to our knowledge, the association between BMI in childhood and adult lung function has not been investigated.
Longitudinal studies allow the examination of the relative importance of risk factors in early vs later life in relation to adult diseases, as well as the identification of a critical period for the development of later disease, which is important in planning public health interventions. In the present study, we investigate the effect on adult lung function of birth weight and weight history during childhood and youth in a population-based longitudinal study of men with juvenile onset obesity and a random control group from the same population.
Methods

Participants
Our study population was drawn from a case-cohort study established in the early 1970s and previously described in more detail. 11, 12 It included two cohorts of Danish men born between 1930 and 1956, who underwent draft board examination before 1978 in Copenhagen or surrounding counties, and who attended school in the central municipality of Copenhagen. One cohort consisted of all juvenile obese subjects identified from draft board records by a BMI Z31 kg/m 2 (corresponding to 35% overweight according to a national standard in use when the original case-cohort was established) 13 with at least one recorded BMI measure in childhood (n ¼ 439), while the other cohort consisted of a random sample of the same population of draftees selected as control group (n ¼ 900).
Follow-up
All juvenile obese draftees and a random half of the control group were traced using The Central Person Register. Those who were still living in the Eastern part of Denmark were invited to participate in the health examinations performed by the Copenhagen City Heart Study (CCHS) between 1981 and 1983. The CCHS obtained ethical approval. In total, 373 juvenile obese and 393 controls were invited, of whom 255 (68%) and 307 (78%), respectively, participated. All participants signed an informed consent. Since prevalence of obesity among draftees increased significantly during the study period, 14 juvenile obese participants were on average younger than controls at follow-up examination.
Outcome
At CCHS examination, standard spirometry was performed. FEV 1 and FVC were recorded using an electronic spirometer (Monaghan N 403, Littleton, CO, USA). This was calibrated daily and the larger of two reproducible measurements differing by less than 5% from each other was recorded. All measurements were carried out by medical doctors, especially trained nurses or medical students, who were blind to the contents of the school health records.
Anthropometry
Birth weight, as recalled by mothers at the first examination of their children at age 7 y, was extracted from school health records. Information on gestational age was not recorded. Measured height and weight were available from school health records, draft board and CCHS follow-up examinations.
Other covariates Information on a number of known risk factors for impaired lung function was obtained from either school or follow-up examination files. Father's occupational social class was recorded in the school registers, according to the Svalastoga prestige-based rating scale. 15 Data on smoking habits, level of attained education and self-reported asthma were extracted from the CCHS records.
Statistical analyses
The Mann-Whitney non-parametric test was used to compare the baseline characteristics between the juvenile obese and control participants. In order to make BMI measured at different points in time comparable, BMI z-scores were calculated from the mean and standard deviation (s.d.) of the control group for each age group according to the following formula: ((observed value-mean)/s.d.). In the initial analyses, associations between lung function and the other variables were investigated through scatter plots. In both groups (controls and juvenile obese), FEV 1 and FVC were normally distributed. Multiple linear regression was applied to estimate the effect of each weight measurement during life on FEV 1 and FVC. A quadratic term for age and height did not improve the models. FEV 1 and FVC were expressed in absolute terms (ml) adjusted for age and height.
Given the underlying design of the study (case-cohort), analyses were first conducted separately for the control and the juvenile obese cohort. After having checked that the parameter estimates for each variable did not differ between the two using the log-likelihood test (LRT) for interaction, the subsequent analyses were performed on the combined cohorts. These latter analyses allowed the examination of the effect of the entire range of birth weight and BMI throughout life on later lung function, and a substantial gain in statistical power.
Whether a linear association could describe the relationships between birth weight, BMI measures at different ages and lung function was assessed not only by graph but also by categorising each weight measurement in tertiles and testing for departure from linearity. None of the tests for departure Owing to the strong association between smoking and lung function, tobacco exposure was examined in detail. The models, which best explained the data, included smoking in five categories: never smokers, quitters, light, moderate and heavy smokers (defined by 1-14, 15-24, þ 25 g of tobacco/ day, respectively). Taking into account duration of smoking in quitters and pack years in current smokers did not improve the models. Father's social class was recategorised in two groups (high and low), as well as participants' education (o8 y, Z8 y). The cut-off of 8 y was chosen because it indicates the completion of primary education in Denmark at that period.
All analyses were computed using the statistical package Stata version 7. 16 
Results
Of the 562 participants (307 controls and 255 juvenile obese) in the present study, 25 were not tested for lung function and 120 did not have birth weight information. We further excluded 5 controls and 12 juvenile obese subjects due to extreme birth weights (less than 2.5 kg and above 5 kg), one juvenile obese due to extreme BMI (BMI 470 kg/m 2 ) and one control because his recorded FEV 1 exceeded FVC. Our analyses were therefore based on 205 controls and 193 juvenile obese subjects.
A significantly higher proportion of controls than juvenile obese subjects had missing data either regarding lung function or birth weight (30 vs 19%, P-value ¼ 0.001). In addition to lower BMI, participants with missing values were more likely to be less educated (median: 8 y of schooling vs 9 y; P-value o0.01).
The characteristics of the control and the juvenile obese cohorts are reported in Table 1 . The juvenile obese subjects had a slightly higher birth weight (P-value ¼ 0.04) and higher BMI during childhood, draft board and follow-up than the control group (all P-values o0.0001). They were also younger, less educated and more likely to have a father of lower social class (all P-values o0.01). Juvenile obese participants were more likely to be heavy smokers, although this difference was of borderline significance (P ¼ 0.06). Whereas lung function, assessed by crude FEV 1 and FVC, did not differ between the two groups, percentage of predicted FEV 1 (see footnote d, Table 1 ) was significantly lower among the obese (P ¼ 0.01), showing the effect and the necessity of age and height adjustment. The prevalence of self-reported asthma was low and similar in both cohorts. Table 2 shows the effects on adult FEV 1 of age, height, birth weight and BMI through childhood until adulthood in the control and juvenile obese cohorts. Birth weight and BMI measures were expressed by z-scores, the estimates showing the effect of one s.d. increase on FEV 1 . As expected, FEV 1 was positively correlated with height and inversely with age. In all subsequent analyses, FEV 1 was adjusted for age and height. There was a strong negative relation between current BMI and FEV 1 among those currently overweight in both groups. Birth weight was positively associated with adult lung function, although not significantly so. None of the BMI measures in childhood were significantly related to FEV 1 . The direction of the association of BMI at 10 and 13 y differed between the two groups, but not significantly so. In both groups, the magnitude of the association between BMI and FEV 1 declined with increasing age at BMI assessment; this became negative at older ages.
Since the parameter estimates did not differ between the two groups, as tested by the LRT for interaction, the control and juvenile obese cohorts were combined in the subsequent analyses. In order to estimate the independent effects of birth weight and current BMI, regression analyses were extended to include them both (Table 3) . After adjustment for current BMI, there was a borderline significant positive association between birth weight and FEV 1 (model 1). The effect of birth weight on FEV 1 did not change according to current BMI (LRT for interaction, P-value ¼ 0.65).
To explore the effects of postnatal growth, intermediate BMI measures were introduced in the combined model that included both current BMI and birth weight z-scores, as suggested by Lucas et al. 17 BMI at age 7 y was found to be positively and significantly associated with adult lung function, when adjusted for birth weight and current BMI (Table 3 , model 2). These findings were confirmed in a model, which included the effects on FEV 1 of birth weight, BMI in early childhood and adolescence (at 7 and 13 y, respectively), at draft board and current BMI ( Figure 1 ). As expected, FEV 1 decreased with higher tobacco consumption. The strongest effects were seen among heavy smokers who experienced a decline of À338 ml in FEV 1 (95% CI: À566, À110; P-value o0.01) in comparison with never smokers. Participants who completed more than 8 y of schooling had a FEV 1 of 148 ml (95% CI: À13, 310; P-value ¼ 0.07) higher than those with a shorter education. No association was found between father's social class and adult lung function.
Adjustment for smoking and attained education only marginally affected the estimates of the effect on adult lung function of both birth weight, current BMI and BMI at 7 y (Table 3) . Further, excluding those who reported to be asthmatic did not influence the results (data not shown).
Weight history and lung function J Bua et al All analyses were repeated for FVC and patterns of results were essentially the same (Tables 4 and 5 ). Current age, height and current BMI when above 25 kg/m 2 were the best predictors of FVC (Table 4) . Birth weight was not associated with FVC (Table 5 and Figure 2 ). Among childhood BMI measures, BMI at age 7 y was the strongest predictor of adult FVC (Table 5) . These results are also illustrated in Figure 2 .
Discussion
In the present study of two groups of Danish men with differing weight history in childhood and young adulthood, we found that both FEV 1 and FVC were positively associated with early childhood BMI and inversely with adult BMI when above 25 kg/m 2 . Birth weight was positively related to FEV 1 , although only borderline significant, while no association was seen with FVC. Associations were robust to adjustment for smoking and socioeconomic factors, and there was no evidence they differed among the juvenile obese and non-obese cohort. 
Weight history and lung function J Bua et al
The association between birth weight and adult lung function supports the 'fetal origins hypothesis', but evidence is not consistent across studies to date. [1] [2] [3] [4] [5] As suggested by Edwards, 3 the reason why some studies 4, 5 did not find any association might be due to the reduced variability of the samples they studied. Our population sample offered a wide range of current and past body weights, providing a high sensitivity to detect this association. The magnitudes of the effect of birth weight on FEV 1 found in other studies 1-3 were similar to ours, but estimates are not directly comparable because adjustment for current BMI was not made. [1] [2] [3] However, consistent with other investigations, 18 in our data birth weight had a positive correlation with current BMI, which could explain why its effect on adult lung function was strengthened by adjustment for current BMI. In a related literature, 19 similar considerations have been made when assessing the association of birth weight and subsequent blood pressure. The lack of statistical significance in the association between birth weight and FEV 1 in our study maybe ascribed to its limited power or the unavailability of maternal factors, as suggested by others. 3 In addition, associations were similar in the juvenile obese and the controls, indicating that they were independent of development of juvenile obesity.
In agreement with Barker, 1 we did not find any association between birth weight and FVC. This might be explained by the theory of the 'dysanaptic' growth of the lung components, airways and alveoli, which, respectively, largely Corresponding to À32 ml (95% CI: À45, À20) per unit increase in BMI, in the participants with current BMI Z25 kg/m 2 zz Corresponding to 13 ml (95% CI: À36, 62) per unit increase in BMI, in the participants with current BMI o25 kg/m 2 . Figure 1 Linear regression model (b, 95% CI) with FEV 1 as dependent variable and current age, height, birth weight, BMI in earlier life (at the 7 and 13 y of age, and at draft board examination) and current BMI both equal or above 25 kg/m 2 and below. Both controls and juvenile obese are included (N ¼ 341). Table 4 Linear regression models with FVC (ml) as dependent variable, and birth weight and BMI measurements during the life course expressed as zscores as independent a
Controls
Juvenile obese Weight history and lung function J Bua et al determine FEV 1 and FVC. 20 According to this hypothesis, conducting airways would be more susceptible to the intrauterine environment rather than alveoli. 1, 21 Other studies, however, reported a positive association between birth weight and FVC, 2, 3 suggesting that the significance of FVC in terms of lung volumes might not yet be clear. While the literature on growth and risk of coronary heart disease is extensive, 22 to date data on growth and adult lung function are limited. In this respect, we found that independently of both birth weight and adult BMI, BMI at age 7 y was a strong positive predictor of later lung function, while later growth during school years (until 13 y of age) and youth (19-26 y) was not. A positive growth (or high growth rate) early in life might be a marker of fewer episodes of recurrent respiratory infections, which have been reported to be related with impaired adult lung function. 4 Our data did not allow to distinguish the effect of growth in infancy from that in early childhood, since we lacked information on BMI during the first years of life.
A number of studies have found that pulmonary function increased with increasing BMI up to a certain value and then decreased with further increases. 6, 7 The initial increase is thought to be a 'muscularity effect', while the decrease with high BMI values may be due to an 'obesity effect' on the mobility of the thorax. 7 Pistelli et al 6 reported that in a male non-smoking healthy Italian population, the value at which the direction of the association between lung function and BMI changed was 25.7 kg/m 2 . Our results are in agreement with these findings, showing a strong detrimental effect of adult BMI among those who are overweight or obese, and no effect among those normal and underweight.
We expected adult lung function to vary by childhood socioeconomic position, 23 but we found that adult lung function did not differ according to father's social class. On the other hand, as expected, both FEV 1 and FVC were reduced in heavy smokers and in less educated subjects. Nonetheless, neither smoking nor education could explain our findings. One of the major strengths of our study was the availability of repeated and serially collected BMI measures in childhood and young adulthood, which few studies can offer. However, some potential limitations need mention. Some associations might have been overlooked (type 2 error) due to its limited size. Even if BMI is a widely accepted index of obesity at population level, and for children and adolescents seems a reasonable measure of fatness, 24 it does not capture fat distribution which might influence adult lung function, especially in men. 25 Birth weight was based on mothers' recall at the age of 7 y, but several studies provided evidence of its high validity and reproducibility. 26, 27 Pulmonary function tests are always subject to technical and biological variability, 28 but standard methods for instrument performance and standard protocols for testing were applied during CCHS health examinations. Although information on key confounders such as tobacco exposure, education and parental social class was available, information on others such as gestational age, maternal smoking and diet was not. The lack of information on gestational age did not allow us to disentangle the effect of preterm delivery from in utero growth retardation. Several studies, although, found that the association of birth weight with both FEV 1 and FVC was independent of prematurity. 2 32 Results and diet definitions are not consistent across studies and some authors, in a related literature, suggest that the associations seen could be attributed to residual social and environmental confounders acting across the life course. 33 Physical activity was not included in the analyses since it may be both a cause and a consequence of BMI, 34, 35 hence making the interpretation of its adjustment very complex. Selection biases are unlikely to have occurred in our study, since school and draft examinations were mandatory, so reducing the risk of selection bias at this stage. Follow-up examination was on a voluntary basis and participation was higher among controls than juvenile obese. However, a previous study analysed the response at CCHS in a larger sample (n ¼ 2098) than ours, which was not constrained to subjects with available school health records, and showed that morbidity evaluated on the basis of hospital admission records, did not differ significantly either between responders and non-responders, or between controls and juvenile obese. 36 In addition to non-participation, the other main source of exclusion from the study was the unavailability of information on birth weight. Although lack of information on birth weight was more common in older birth cohorts, since it was not requested in the school records of the early 1930s, we have no reason to believe this would affect our results.
In conclusion, we found that in a population of Danish males lung function was affected by BMI at age 7 y and current BMI when above 25 kg/m 2 . Birth weight had a borderline significant influence only on FEV 1 . This association seems to confirm earlier studies and support the hypothesis that prenatal factors, which determine birth weight, may have a permanent effect on the structure and physiology of the airways. There was no association between FVC and birth weight, which might relate to the different development pattern of airways and alveoli. Weight history from 7 y of age until young adulthood had no influence on adult lung function, implicating early childhood as a potential critical period for permanent impairment of respiratory function. Our findings also confirmed the adverse effect of being overweight or obese on respiratory function.
